The pulmonary vasculature continuously receives the entire cardiac output, and the thin layer of endothelial cells lining this vasculature requires precise homeostatic mechanisms to effectively maintain life-long circulation and gas exchange. Although it is well known that subtle alterations in pulmonary vascular homeostasis can lead to disease states such as pulmonary hypertension or alveolar hemorrhage, the origins of new pulmonary endothelial cells during homeostatic maintenance or after pulmonary endothelial injury remains unclear. Until recently, in adult animals the repair of any injured endothelium or formation of new vessels had been widely accepted as involving the paradigm of angiogenesis, a mechanism whereby division of existing endothelial cells within a vessel network produces new cells. Accumulating evidence from several groups has challenged this paradigm with findings that claim adult mammals have circulating endothelial progenitor cells (EPCs) that may be derived from the bone marrow and may become incorporated as endothelial cells into the vasculature of organs or tumors (1) (2) (3) (4) (5) (6) (7) (8) (9) .
Regarding the pulmonary endothelium, several investigators have claimed a role for so-called "bone marrow-derived EPCs" in endothelial maintenance and repair (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . These studies define EPCs as precursors of cells meeting molecular and morphologic criteria of mature endothelial cells, such as expression of a diversity of endothelial lineage marker genes and a flattened shape of cells lining pulmonary vascular lumens. For example, bone marrow cells were suggested to contribute to the mouse lung's alveolar capillary endothelium after intratracheal elastase injury (10) . Furthermore, in human lung samples obtained at various time points after bone marrow transplantation, an average of 40% of recipients' pulmonary endothelium has been claimed to be donor-derived (12) . Compelling investigations also suggest a potential role for circulating EPCs in lung disease pathogenesis, including contributions to endothelial remodeling and participation in lung cancer angiogenesis (21, 22) . Circulating EPCs have also been proposed as biomarkers for lung disease. For example, increased numbers of circulating cells expressing putative EPC markers have been found in patients with bacterial pneumonia (11) , and increased numbers of similar circulating cells are associated with improved survival in acute lung injuries (13) .
The potential contribution of bone marrow-derived EPCs to the pulmonary endothelium would be especially intriguing if confirmed because this putative novel paradigm raises the prospect of using these easily accessible cells for cell-based therapies to reconstitute injured or diseased lung endothelium. Indeed, rescue of monocrotaline-induced pulmonary hypertension has been demonstrated by using infusions of similar bone marrowderived endothelial-like progenitor cells (14) , and these findings have served as the basis for a "first-in-humans" clinical trial of cell-based therapy for pulmonary vascular disease (23) .
Most recently, the contribution of any bone marrow-derived cell type, including EPCs, to adult endothelium has been called into question by several studies that have failed to find any significant contribution of bone marrow-derived cells to endothelial cells in several organs (24) (25) (26) (27) (28) . Here we attempt to address the potential role of bone marrow-derived cells in lung endothelial maintenance and repair. Using mice expressing reporter genes ubiquitously or under regulatory control of endothelial-selective promoters, we find that a rare population of bone marrow-derived cells that do not express the panhematopoietic marker CD45 but express endothelial markers that lack complete specificity (i.e., CD452/CD311/VECadherin1 cells) can be found in the lung for at least 1 year after bone marrow transplantation. We find scant evidence, however, to support the contention that these cells or any other bone marrowderived cells give rise to true pulmonary endothelial cells because no bone marrow-derived cells can be found in anatomic compartments that define the pulmonary endothelium. Moreover, when bone marrow-derived cells are tracked using lineage-selective reporters rather than antibody-based methods, no contribution of bone marrow-derived cells to the endothelium of the adult lung, heart, liver, pancreas, or kidney is observed, even after hyperoxic injury and recovery. Our findings argue against a direct structural contribution of bone marrow-derived cells, previously termed "EPCs," to lung endothelial maintenance or repair in adults.
MATERIALS AND METHODS

Mice
Transplantation studies involving lineage-specific reporters used 6-to 8-week-old donor mice that express enhanced green fluorescent protein (GFP) under regulatory control of a Tie2 promoter (Tie2-GFP FVB/N mice, cat#003658; Jackson Labs, Bar Harbor, ME) or lacZ targeted to the thrombomodulin locus (TM-lacZ mice, generous gift of Dr. Robert D. Rosenberg, Massachusetts Institute of Technology, Boston, MA). Transplants involving ubiquitous reporters used 8-week-old donor mice that express GFP under control of the chicken b-actin promoter with cytomegalovirus enhancer C57BL/6j-Tg(ACTB-EGFP)1Osb/J (Jackson Labs). Recipient mice were congenic 8-to 10-week-old C57BL/6j mice (Jackson Labs) for b-actin or TM-lacZ transplants or FVB/N (Jackson Labs) for Tie2-GFP transplants. All animal studies were approved by the Institutional Animal Care and Use Committee of Boston University School of Medicine
Hematopoietic Stem Cell Purification
Hematopoietic stem cells (HSCs) for transplantation were purified from the bone marrow of mice by the Hoechst dye efflux method (29) with modifications published previously (30) . Detailed methods are available in the online supplement. Single stem cell transplants were published in part previously (31) , and archived fluorescence-activated cell sorting (FACS) raw data files and frozen tissue sections from those studies were stained and analyzed as indicated in the text.
Competitive Long-Term Blood Repopulation and Analysis of Peripheral Blood Chimerism
Recipient mice were lethally irradiated with 11 Gy of radiation in a single dose or 14 Gy delivered as two doses of 7 Gy given 3 hours apart on the day before transplantation. Where indicated in the text, 200 donor HSCs obtained from the indicated transgenic donor mice were mixed with 2 3 10 5 unfractionated unlabeled competitor bone marrow cells and intravenously injected retro-orbitally into unlabeled recipient mice. Robust long-term hematopoietic reconstitution (.50% blood chimerism for .3 mo after transplantation) was documented in all recipients before further analysis. More detailed methods are available in the online supplement.
Hyperoxic Lung Injury and Bromodeoxyuridine Labeling
For hyperoxic lung injury, mice were exposed to 95% oxygen versus room air for 52 hours. For in vivo bromodeoxyuridine (BrdU) labeling, injured or uninjured mice were recovered for 24 hours in room air before receiving drinking water containing 0.8 mg/ml BrdU (BrdU APC flow kit; BD Pharmingen, San Diego, CA) for 5 days. Mice that received BrdU water were killed with isofluorane, and cells from the lung and bone marrow were collected for analysis. Bleomycin injury was performed as previously published (40) .
Immunostaining of Lung and Bone Marrow Samples for FACS
Lung tissue was harvested for FACS and tissue sectioning as previously published (31) and as detailed in the online supplement.
Lectin Staining and Confocal Microscopy
Frozen lung tissue sections were stained with biotinylated GSL 1-isolectin B4 (Vector Laboratories, Burlingame, CA) followed by streptavidin (Sav)-conjugated Cy3 (Invitrogen, Carlsbad, CA). Each analysis included negative control sections treated with CAS Block alone in place of lectin, followed by Sav-Cy3. Detailed methods for lectin staining and confocal microscopy analysis are available in the online supplement.
RESULTS
We previously reported that, in adult mouse recipients of bone marrow transplants, we found no detectable engraftment in the lung alveolar epithelium of bone marrow-derived cells (31, 32) . In those experiments, more than 99% of cells detected in the lung after bone marrow transplantation were hematopoietic in lineage, as defined by cell surface expression of the hematopoietic marker, CD45 (31) . Based on the presence of a rare bone marrow-derived CD452 population in the lung (representing ,1% of cells; Figure 1 ), we sought to further phenotype this population in recipient lung tissue. Using transgenic donor mice that ubiquitously express a GFP reporter gene (b-actin GFP), we transplanted 2 3 10 6 unfractionated marrow cells, 200 purified HSCs (purified as Hoechst effluxing bone marrow cells that are exclusively CD451 and express HSC markers Sca11ckit1 and Lin2, also referred to as SP cells; see Figure E4 in the online supplement) (29, 30, 33) , or single HSCs into lethally irradiated wild-type recipients. The 200 HSC donor number was chosen based on the expected 200 HSCs that would be found in a population of 2 3 10 6 unfractionated marrow cells, given the frequency of SP cells of this phenotype in the bone marrow is 1/10,000 cells (30) . At 1 to 12 months after transplantation, we analyzed the recipient lungs by FACS and fluorescence microscopy of frozen tissue sections. Consistent with our previous report (31) , after transplantation of unfractionated marrow (n ¼ 45), 200 purified HSCs (n ¼ 16), or single stem cells (n ¼ 2), GFP1 labeled cells were easily detected in recipient lung tissue with the predominance of engraftment found as blood cells expressing the hematopoietic marker CD45 (Figure 1 ). To screen for putative bone marrowderived endothelial cells in recipient lungs, we used FACS analysis to isolate cells expressing a surface phenotype that selectively identifies lung endothelial cells: CD452/CD311/VECadherin1 (Figure 2 ). An average of 1.74 6 0.75% (6SD) of all CD452/ CD311/VECadherin1 lung cell suspensions were GFP1, suggesting their origin from bone marrow cells. Because 200 purified HSCs, single HSCs, or unfractionated bone marrow transplants were all able to give rise to this CD452/CD311/ VECadherin1/GFP1 population, this suggested their origin from bone marrow HSCs ( Figure 2 ). Four additional secondary recipients transplanted with whole marrow taken from one of the primary recipients were similarly followed for 4 months after this serial transplant ( Figure E1 ), and these secondary recipients of the original single GFP1 bone marrow stem cell also exhibited similar evidence of CD452/CD311/VECadherin1/ GFP1 progeny in the lung tissues of these recipients analyzed by FACS (0.4-2.0% of all lung CD452/CD311/VECadherin1 cells). Based on a prior report of liver endothelial engraftment arising from a single transplanted HSC (34), we also evaluated single cell suspensions from the livers of these recipients and found a similar frequency of engrafted GFP1/CD452/CD311/ VECadherin1 cells deriving from the single transplanted GFP1 HSCs (data not shown). Because a defining characteristic of vascular endothelial cells is their anatomic location lining vascular lumens, we assessed frozen lung tissue sections for the presence of GFP1 bone marrowderived cells by fluorescence microscopy. As in previous reports using bone marrow transplants from donor transgenic mice carrying ubiquitously expressed GFP reporter genes (b-actin GFP) (31), due to the presence of hematopoietic (CD451) lineages within the lung, we found an abundance of GFP1 cells within recipient lung tissue (Figure 1 ), making it difficult to clearly distinguish any true rare endothelial progeny on tissue sections. Indeed, only very rare cells (,1 per tissue section on fluorescence microscopy) initially appeared to exhibit an appropriate anatomic location suggestive of lung or liver endothelial cells in each respective organ (Figures 1 and 3) . On further review of lung sections, however, using confocal microscopy analysis of GFP expression in combination with red fluorescent lectin staining (GSL-IB4) to identify the luminal surface of endothelial cells, all bone marrow-derived cells that initially appeared to mimic the morphology or location of lung endothelia were separated from vessel lumens by at least one cell layer typically consisting of a native (GFP negative) endothelial cell (Figures 3  and E3 ). No cells of true pulmonary endothelial morphology and anatomic location could be found in any recipient. These observations called into question the existence of any bona fide lung endothelial cells deriving from donor GFP1 bone marrow cells.
We have previously reported the use of bone marrow transplantation from transgenic lineage-specific reporter mice as a powerful technique that enables antibody-independent methods for the identification of particular lung lineages (31, 32) . The use of lineage-specific reporters to track the progeny of bone marrow-derived cells minimizes the considerable hematopoietic background signal that accompanies engraftment in lung of cells derived from mice ubiquitously expressing reporter genes. We screened two published endothelial reporter mice (Tie2-GFP [35] and thrombomodulin [TM]-lacZ [36] ) whose GFP or lacZ reporter genes have been described as selectively distinguishing endothelial cells from cells of other lineages, such as hematopoietic cells (Figure 4) . Four mice received unfractionated marrow transplants from a donor TM-lacZ mouse that contained a lacZ reporter gene targeted to the thrombomodulin locus. This locus is selectively active in all endothelial cells (36) . Four months after hematopoietic reconstitution, two recipients were exposed to intratracheal bleomycin, an agent known to injure lung epithelial and endothelial cells (37) (38) (39) . Five months after transplantation (1 mo after bleomycin injury), we performed X-gal staining of all recipient lungs and used a whole mount screening technique (40) to identify a small blue patch in one lobe of one uninjured recipient for further study by paraffin sectioning (Figure 4) . No blue patches were observed in the other three mice, including the injured recipients. Histologic assessment revealed that the single blue patch consisted of approximately four cells lining a small vessel and alveolar capillary lumen, consistent with the morphology and location of pulmonary vascular endothelial cells expressing TM-lacZ. The remainder of all lobes from this recipient and all lobes from the other three recipients showed no detectable engraftment of lacZ1 cells.
Next we sought to more precisely quantify and screen for any potential engraftment of bone marrow-derived endothelial cells by combining microscopy with FACS-based analysis of live lung endothelial cells in recipients of marrow transplants from Tie2-GFP mice. Irradiated recipient wild-type mice were transplanted with unfractionated marrow or purified HSCs prepared from donor mice that carry a GFP reporter gene under control of a Tie2 promoter, which is selectively active in the majority of endothelial cells (35) . For analysis of engraftment, we applied FACS-based methods developed to analyze large numbers of living lung cells without the use of any antibodies or staining methods that might introduce background artifacts in rare cells (31) . Propidium iodide (PI) staining to exclude dead cells has been shown to be useful in these methods because it minimizes the background autofluorescence of dead cells and debris (Figure E2) . We first confirmed pan-endothelial GFP reporter gene expression in the lungs of the donor Tie2-GFP mice by fluorescence microscopy as well as FACS analysis of single-cell suspensions (Figure 4 ). More than 85% of live lung endothelial cells (defined as PI2/CD452/CD311 cells) expressed the Tie2-GFP reporter gene, whereas less than 0.5% of all nonendothelial lung cells (defined as all other PI2 cells) expressed Tie2-GFP. In singlecell suspensions prepared from heart, kidney, liver, and pancreas tissue, the Tie2-GFP reporter was also expressed in the vast majority of endothelial cells analyzed by FACS (Figure 4) . In contrast, the Tie2-GFP reporter was expressed in less than 1% of cells in the unfractionated marrow compartment, findings in keeping with prior reports (27) .
We analyzed single-cell suspensions from the lungs, hearts, livers, pancreases, and kidneys of irradiated recipient mice 11 months after hematopoietic reconstitution with 10 3 10 6 unfractionated bone marrow cells from Tie2-GFP donor mice. Simultaneous positive controls were prepared consisting of single-cell suspensions of these organs from age-matched Tie2-GFP reporter (positive control) and wild-type (negative control) mice. More than 500,000 cells from each tissue of each recipient was analyzed with this method, which is able to specifically and sensitively detect GFP expression in as few as 1 in 640,000 cells (31) . We found no evidence of engraftment of GFP-expressing cells in the lungs, hearts, livers, pancreases, and kidneys of any recipient (n ¼ 7; Figure 4) . Similarly, in additional irradiated recipients of purified HSC transplants from Tie2-GFP donors, we detected no evidence of engraftment of GFP1 cells in recipient lung tissue (n ¼ 3; Figure 4) . No Tie22GFP1 cells were detected in lung frozen tissue sections from any of the 10 recipients (Table 1) .
We speculated that lung endothelial injury may be necessary for the engraftment of bone marrow-derived cells in the lung, although screening studies of bleomycin-injured recipients had not revealed engraftment of TM-lacZ-labeled marrowderived cells. We selected the mouse model of hyperoxic lung injury because it is a well characterized model resulting in diffuse injury to lung alveolar epithelium and endothelium (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) , with rapid necrosis and apoptosis of lung endothelial cells followed by rapid proliferation and recovery within 2 weeks after injury. We confirmed exposure to hyperoxia as a valid model of lung endothelial injury in our hands by exposing mice to 60 hours of 95% oxygen (versus room air control) followed by a 5-or a 14-day recovery period in room air. On Days 1 through 5 of recovery, the mice received BrdU-supplemented water to label cells undergoing DNA synthesis, reflective of proliferation or repair of DNA damage during the recovery period. On Day 5 or 14 of recovery, mice were harvested, and lung cell suspensions were analyzed by flow cytometry. We found that 38% of lung endothelial cells (CD311/CD452 lung cells) showed BrdU labeling during the first 5 days of recovery from hyperoxia. In contrast, control uninjured mice exhibited BrdU labeling in less than 1% of their lung endothelium ( Figure 5 ), emphasizing the quiescence of the pulmonary endothelium in the normal uninjured steady state. As expected, the vast majority of bone marrow cells in all BrdU-exposed mice were labeled during this period, consistent with the known high proliferation rates of hematopoietic progenitors and indicating that injured and uninjured mice had similarly ingested sufficient quantities of the BrdU labeling agent. Additional control mice exposed to hyperoxia but not BrdU showed no labeling ( Figure 5) .
Having confirmed the utility of hyperoxic injury to damage a significant portion of lung endothelial cells, we exposed recipients of Tie2-GFP unfractionated bone marrow transplants to hyperoxia versus room air (n ¼ 8 per group), followed by 5 or 14 days of recovery in room air before analysis (n ¼ 4 per group). For these studies, hyperoxic injury was initiated 6 months after hematopoietic reconstitution of irradiated recipients. Surprisingly, no GFP1 cells were detected in single-cell suspensions prepared from the lung tissue of any recipient. To verify hyperoxic injury of the recipients' endothelium, the experiment was repeated with BrdU labeling during the 5-day recovery period (n ¼ 4 per group). Five days after recovery from hyperoxic injury, the BrdU labeling indices of lung endothelial cells were 13 6 6% (average 6 SD) in injured recipients versus 1.2 6 0.3% in uninjured recipients (student's t test; P ¼ 0.03). The increased pulmonary endothelial BrdU labeling index confirmed endothelial injury; however, no GFP1 cells were detected in the lungs of any recipient after recovery from this injury ( Figure 5 ; Table 1 ).
DISCUSSION
Although bone marrow-derived EPCs have been described as contributing to the endothelium of multiple tissues, including the lung, heart, and liver, we found little evidence to support this phenomenon using lineage-selective transgenic reporter mice. Similar to previous reports, we detected the presence of bone marrow-derived cells in these tissues that appear to express a compelling constellation of nonspecific markers considered to selectively identify endothelial cells (e.g., CD311, VECadherin1, and CD452). Many markers used to identify endothelial cells are known to be expressed on a variety of other cell lineages (52) (53) (54) , and the lack of specificity in available endothelial markers may explain the presence of CD311/ VECadherin1 bone marrow-derived cells in the lung that in our hands do not appear to express the full molecular phenotype or correct anatomical location that defines lung endothelial cells. Using these markers to identify putative EPC colonies during culturing of blood or bone marrow is similarly problematic because cells of myeloid or other nonendothelial lineage appear to express a variety of these markers after culture expansion (52) .
The bone marrow-derived cells found in lung tissue in our studies may have important indirect roles in maintenance and repair of lung tissue. Indeed, the potential of a variety of bloodor bone marrow-derived leukocytes to modulate repair of a variety of somatic tissue beds, whether through paracrine or other mechanisms, is widely supported by many investigations (27, (55) (56) (57) . However, our results add to a growing number of investigations questioning whether any of these bone marrowderived cells directly contribute to the maintenance of vascular integrity in adults by contributing engrafted endothelial cells to the luminal lining of vessels.
It has been suggested that the many conflicting reports on the contribution of bone marrow-derived cells to the endothelium of tissues or tumors is due to differences in histologic techniques or differences in the injury (or tumor) models used by various investigators (31, 57) . The methods used in our studies may be limited if the transgenic reporters were not faithfully activated. Our inclusion of transgenic (Tie2-GFP) and knock-in (TM-lacZ) reporter mice ensures that partial promoter fragments or positional effects are not limiting the faithfulness of reporter gene expression because the lacZ reporter in the TM-lacZ mouse has been targeted to the endogenous thrombomodulin locus known to be active in endothelial cells. Our studies may also be limited by the possibility that radiation exposure affected the capacity of the lung endothelium to mobilize marrow cells after hyperoxic injury. Using parabiotic mice rather than irradiated recipients in future studies may be a more sensitive mouse model for studying marrow-derived endothelial reconstitution, although a recent report did not detect any bone marrow-derived contribution to a variety of endothelia in parabiotic mouse models (28) . Our results cannot exclude the presence in the bone marrow compartment of endothelial progenitor cells that reside outside of the transplantable HSC compartment or that transiently incorporate in the endothelium at different or earlier time points than those we studied. Indeed, beyond HSCs, there are a variety of additional cell types in the bone marrow, such as marrow stromal cells and nonhematopoietic endothelial cells, some of which may be difficult to transplant with the myeloablative procedures used in this study. However, our myeloablative techniques and use of marrow and HSC transplantation reproduce the techniques of previous investigators who observed the progeny of transplantable marrow-derived EPCs in a variety of tissue endothelial beds. Our findings of no detectable transplantable marrow-derived endothelia engrafted in these tissues differ significantly from these prior works. The prior report observing no marrow-derived endothelial engraftment in studies using parabiotic mouse models (28) suggests that this is not simply due to failure to reconstitute a transplant-resistant nonhematopoietic or other marrow subcompartment.
Taken together, we believe our results support a model where adult lung endothelia are maintained primarily by cells that originate from other endothelial cells rather than from bone marrow cells. The low BrdU labeling index observed in the lung endothelium of uninjured mice confirms previous reports that the resting pulmonary endothelium is quiescent (54, 58) , and the significant increase in the BrdU labeling index of lung endothelial cells during recovery from hyperoxic injury suggests that local proliferation of endothelial cells is an important component of endothelial reconstitution after injury, as suggested by others (reviewed in Reference 59). Our results do not exclude a contribution to the pulmonary endothelium from a local endothelial progenitor cell or from circulating cells that may be mobilized from tissue beds other than the hematopoietic bone marrow (52, 60) . Nevertheless, our findings suggest that the term "bone marrow-derived EPC" should be discouraged in clinical trials without definitive evidence supporting the presence of cells in the bone marrow with endothelial reconstituting capacity.
The absence of evidence in support of a marrow-derived circulating EPC in adults is surprising given the common developmental origin of hematopoietic and endothelial cells from primordial hemangioblasts found early in the developing embryo (61) . Because blood and endothelial lineages develop from the mesodermal germ layer and appear to share a common developmental origin in a variety of in vivo and in vitro studies, the presence of a multipotent hemangioblast in adults has been long postulated. However, in contrast to previous reports, our results do not support the residual presence in adult animals of a multipotent hemangioblast cell that is able to readily contribute to endothelial maintenance or repair.
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